Abstract The phase behavior and aggregate structure of the didodecyldimethylammonium bromide (DDAB)-sodium taurodeoxycholate-water mixed surfactant system have been investigated in the dilute (above 95 wt% water) cationic-rich area, at 25°C. A combination of techniques has been used, including polarizing and video-enhanced light microscopy, cryogenic transmission electron microscopy and water selfdiffusion NMR. Between the dilute lamellar phase (»4-30 wt% DDAB) and the very narrow isotropic solution (below 0.5 wt% DDAB), the lamellar dispersions formed by DDAB contain different types of vesicle structures (vesicles, microtubules and multilamellar structures). On addition of bile salt to the DDAB dispersions, strong electrostatic headgroup interactions and geometric packing effects (owing to the unusual molecular structure of the anionic surfactant) are present. The vesicle aggregates, however, are able to incorporate an amount of bile salt up to roughly 20 mol%. Further addition induces a macroscopic phase separation, with the formation of a strong white dispersion. The light and electron micrographs show that the vesicles are spherical and integral, undergoing an increase in size when the bile salt concentration is varied between 0 and 10 mol%. At higher bile salt concentration, smaller vesicles, tubular structures and submicronsized dispersion droplets are observed. Water self-diffusion NMR measurements give further information regarding vesicle size and polydispersity.
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Studies on mixed systems of bile salts with nonnatural surfactants have also been reported, in particular with some single-chained surfactants, both at high and low total amphiphile concentrations [13, 14] ; however, the interactions between a bile salt and an oppositely charged double-chained amphiphile have not been addressed to the same extent. These mixed systems composed of cationic and anionic surfactants have been generally termed catanionic mixtures and their properties have been extensively investigated for decades [15, 16, 17, 18] . In recent years particular emphasis has been given to phase behavior properties in dilute [19, 20, 21, 22, 23, 24, 25] and concentrated systems [26, 27, 28] . In this work, the phase behavior and aggregate structure for the sodium taurodeoxycholate (STDC)-didodecyldimethylammonium bromide (DDAB) system, in the dilute DDAB-rich area, is presented. This region is dominated by relatively complex equilibria between different bilayer aggregates. The DDAB molecule has low solubility in water and its packing parameter, close to unity, dictates a preference to assemble into bilayer-based structures. At room temperature, DDAB in water displays the formation of two lamellar liquid-crystalline phases [29, 30, 31, 32] , with an upper critical point, and, at high dilution, complex equilibria involving giant multilamellar vesicles (onions) and smaller unilamellar and bilamellar vesicles [25, 33, 34, 35, 36] .
The DDAB-bile salt catanionic pair investigated here has clear similarity with the lecithin-bile salt pair, which has been extensively investigated. Both the phospholipid and DDAB are vesicle-and lamellarforming amphiphiles; however, the presence of the headgroup electrostatic interactions and salt (NaBr) in the catanionic system brings a new complexity to the phase equilibria and aggregation processes. Previously, the phase behavior and aggregation phenomena were studied for the same catanionic pair, in the bile salt rich area [37] . It was reported that the system displays coacervation instead of precipitation at equimolarity, consisting of a viscous isotropic solution in equilibrium with a very dilute solution. In the water-rich part of the phase diagram, a peculiar type of phase separation occurs, involving the formation of very fine bluish dispersions where large micellar-like domains were imaged by electron microscopy. As discussed later, a similar type of fine dispersions occurs on the DDABrich side; however, the region close to the binary DDAB-water axis is clearly dominated by bilayer aggregates which are capable of accommodating the bile salt in their structure up to roughly a 4:1 DDAB:STDC molecular ratio.
Experimental
Materials STDC, 0.5 mol H 2 O/mol, more than 97% in purity, was purchased from Sigma and was used without further purification. DDAB of high purity was obtained from Tokyo Kasei. STDC is the sodium salt of 3a, 12a-dihydroxy-5b-taurocholan-24-oic acid. The molecular structure for the two amphiphiles has been shown in a previous report. We only note here that the two OH groups in the nonplanar steroid ring point to the same side of the ring, in a way that the latter has both a polar and an apolar face.
Sample preparation and phase diagrams
The samples were prepared by weighing directly the two surfactant solids into glass vials and thoroughly mixing them in water endover-end for at least 24 h. The composition of samples is given by weight percent or molar concentration and the mixing ratio of the surfactants is expressed by the molar fraction of bile salt in the mixture, X STDC ¼ n STDC /(n STDC + n DDAB ), where n i is the number of moles of component i in the sample.
After proper mixing, the samples were inspected over the course of several weeks until equilibration was ascertained. Preliminary studies of the phase behavior involved the observation of samples between crossed polarizers in order to check for birefringence. Further assignment of the phase behavior was done on the basis of combined data supplied by polarizing microscopy, cryogenic transmission electron microscopy (cryo-TEM) and self-diffusion NMR. The uncertainty of the phase boundaries in Fig. 1a is better than ±0.2 wt%.
Polarized light microscopy
An Axioplan universal polarizing light microscope (Carl Zeiss), equipped with a high-sensitive SIT C video-camera system and Argus-20 image processor (Hamamatsu Photonics, Japan), was used. In a light microscope equipped with differential interference contrast (DIC) lenses and a television camera connected to the microscope, both contrast and resolution can be improved in what is termed DIC video-enhanced microscopy.This technique is very suitable to detect the presence of micron-sized bilayer structures (e.g. vesicles and microtubules) under normal light. Also, lamellar dispersions containing large multilamellar vesicles (onions) show domains with a characteristic Maltese cross pattern under polarized light [38] .
Cryogenic transmission electron microscopy
This technique is a particularly suitable technique for the direct visualization of surfactant aggregates ranging in size from about 5-10 nm to 1 lm. Vitrified samples were prepared, transferred and imaged according to the usual procedure, described in previous works [24, 25, 37] . A Philips CM120 Bio-Twin microscope was used, especially designed for handling cryogenic samples. This microscope was equipped with a lens system giving maximum contrast and high resolution (3.4 Å ), allowing the digital acquisition of images.
Pulsed-field-gradient NMR self-diffusion
The pulsed-field-gradient (PFG) technique for measuring selfdiffusion coefficients is a powerful technique for structural and dynamic studies in surfactant systems [39, 40] . The method is based
